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Unwiring the transcriptional heat circuit
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Mature adipocytes are postmitotic (1), and
therefore development of adipocytes requires
the proliferation and differentiation of pro-
genitor cells into mature adipocytes. The
identity of adipose precursor cells and the
molecular mechanisms that control their
proliferation and differentiation are only
partially understood. Brown adipose tissue
(BAT) is specialized for energy expenditure
through a process mediated by uncoupling
protein 1 (UCP1) that uncouples respira-
tion from ATP synthesis and generates heat
(2). Current knowledge defines two types of
thermogenic adipocytes based on their dis-
tinct origins, anatomical locations, and dif-
ferential abilities to respond to stimuli. The
classical brown adipocytes mainly develop
during embryonic stage, form a discrete
depot, and exert a high level of basal ther-
mogenic capacity. The other type of brown
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fat-like cells, called beige or brite adipo-
cytes, are dispersed in white adipose tis-
sue (WAT) and are recruited and induced
in response to certain stimuli. Although
beige adipocytes also generate heat by
UCP1-mediated proton leak, they arise from
a myogenic factor 5-negative (Myf5 ) devel-
opmental lineage distinct from brown adipo-
cytes, which develop from Myf5* progenitors
(Fig. 1) (3, 4). Aside from the adrenergic path-
ways that activate thermogenesis in both
brown and beige adipocytes, whether there
exists a common factor that marks and speci-
fies the fate of these thermo-competent cells
remains unknown. In PNAS, Wang et al. (5)
identify early B-cell factor 2 (Ebf2) as a
marker that specifies the brown and beige ad-
ipocyte lineage from muscle, dermal, and
white adipocyte lineages and provide new in-
sight into transcriptional targets of Ebf2 that
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Ebf2 specifies thermogenic preadipocytes. During development, brown adipogenic precursors arise from

a Myf5" lineage (red arrows). Furthermore, adipogenic precursor cells that arise from a Myf5~ lineage (black arrows)
can be isolated from WAT. PDGFra marks cells from both the Myf5* and Myf5~ lineages with adipogenic potential
that can differentiate into white, brown, and beige adipocytes. Beginning at embryonic day (E)12.5, the transcription
factor Ebf2 distinguishes thermogenically competent brown and beige preadipocytes from white adipocytes and
activates a gene-expression profile that primes these cells for thermogenic gene expression. Ebf2 expression is
common to thermogenically primed cells from both the Myf5* and Myf5~ lineages and may act to activate the
thermogenic gene program that allows these cells to uncouple respiration from ATP production to generate heat.
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may play a role in activating the thermogenic
gene program.

Ebf proteins are members of the helix-
loop-helix transcription factors originally
identified in mouse B-lymphocytes (6). Al-
though it belongs to the Ebf family of pro-
teins, Ebf2 is not expressed in mature B cells;
rather, it is abundantly expressed in adipo-
cytes, neurons, and immature osteoblasts
(7-9). Ebf2 has been shown to play a role
in establishing the osteoblast niche for
hematopoiesis (10), regulating somite devel-
opment (11), and initiating white adipocyte
differentiation (12). Recently, the same group
of authors discovered that Ebf2 cooperates
with peroxisome proliferator-activated re-
cep=tor-y (PPARYy) to regulate the expres-
sion of brown adipocyte-selective genes in
classical brown adipocytes (13). In the cur-
rent study, Wang et al. (5) use an unbiased
approach to search for genes that mark com-
mitted brown fat precursors and the results
lead them back to Ebf2. Interestingly, Ebf2
not only determines the identity of the clas-
sical brown fat cells, but also marks the beige
fat progenitors present in WAT. Moreover,
EDbf2 serves as a functional determinant for
both brown and beige adipocytes and poises
the precursor cells to become thermogenically
competent (Fig. 1). Taken together, these re-
sults allow for the construction of a lineage
roadmap that highlights platelet-derived
growth factor receptor-o (PDGFra) expres-
sion as key intersection in a common adipo-
genic differentiation. Furthermore, Ebf2
expression is common to different lineages
that share thermogenic capacity.

A key technical advancement in the study
of Wang et al. (5) is the ability to sort cells
with white, brown, and beige adipogenic po-
tential from one another using Myf5-lineage
tracing coupled with the Ebf2 GFP reporter.
Although brown and beige adipocytes are
qualitatively similar in that they both expend
energy in the form of heat for thermoreg-
ulation, the quantitative functional difference
between these cells types can now be assessed.
Wang et al. (5) investigated changes in gene
transcription in these different cell types to
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identify a thermogenic gene-expression pro-
file. It will be important to also assess func-
tional differences in these cell types, such as
differences in metabolism.

Several different pathways regulate Ebf
family gene expression and transcriptional
activity, including Notch (14), Hedgehog (15),
and bone morphogenetic protein (BMP) sig-
naling (11). Hedgehog signaling in adipose
stromal vascular cells primes these precursors
for osteogenic differentiation and suppresses
adipogenesis (16), suggesting Hedgehog is
unlikely to be upstream of Ebf2. That BMP
signaling is capable of regulating Ebf2 expres-
sion makes it tempting to link this signaling
pathway—specifically BMP7 signaling, which
is known to play an essential role in embry-
onic brown fat development (17, 18) and
regulate beige adipocyte formation (4)—
directly to Ebf2-mediated transcriptional
activity. Still, the impact of other upstream
signals on Ebf2 expression and activity in
brown preadipocytes cannot be discounted.

Previously, Ebf2 was identified as a tran-
scription factor that cooperates with PPARy
to turn on BAT-specific genes, such as PRD1-
BF1-RIZ1 homologous domain-containing
16 (PRDM16), UCPI, and PPARa, and
reduce PPARy binding to WAT-specific
loci, including Agt2 and Rarres2 (13). Inter-
estingly, Wang et al. (5) demonstrate that
PPARYy is dispensable for establishing brown
fat precursor identity, as expression of the
selected Ebf2-regulated brown preadipocyte
signature genes was not altered in PPARy-
null cells. These findings highlight differ-
ential roles of Ebf2 during the course of
brown/beige adipocyte differentiation. Ebf2
alone appears to be sufficient and necessary
for establishing brown/beige fat precursor
cell identity; priming these cells to become
thermogenically competent. As differentia-
tion proceeds, PPARy is recruited to the
enhancer/promoter regions of PRDM]I6,
UCP1, and PPARa and fully executes the
brown adipogenic program. It would be
critical to determine whether the Ebf2-reg-
ulated genes identified in the study of
Wang et al. (5) merely serve as the “signa-
tures” of brown/beige fat precursors or if they
could contribute to the thermogenic pro-
gram turned on during late-stage differen-
tiation. Along this line of investigation,
determining the direct targets of Ebf2 bind-
ing using a chromatin immunoprecipitation
strategy would be useful to define the specific
transcriptional program activated by Ebf2,
as opposed to the transcriptional changes
present in Ebf2 knockout cells described
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by Wang et al. This strategy might also
uncover nodes of the Ebf2-driven tran-
scriptional program that intersect with
the PPARy network and allow Ebf2 to
compensate for PPARy deletion. Indeed,
the overlap of transcriptional targets seems
to include UCPI itself, as Ebf2 can bind
to the UCPI promoter and activate tran-
scription (13). Interestingly, a long non-
coding RNA called Blncl has recently
been identified as a binding partner of
Ebf2, and the ribonucleoprotein formed
by Blncl binding to Ebf2 increases transcrip-
tional activity more than Ebf2 alone (19).

Wang et al. use an
unbiased approach to
search for genes that
mark committed brown
fat precursors and the
results lead them back
to Ebf2.

Unfortunately, the sorting strategy devel-
oped in the study of Wang et al. (5) relies on
transgenes to mark the Myf5" lineage, as well
as cells that express Ebf2, making it difficult
to apply to human cells. It is possible, however,
that genes regulated by Ebf2 are expressed on
the cell surface, raising the possibility that
these downstream markers could be used to
label human cells for isolation. This prospect

is exciting for several reasons. First, although
it is clear that adult humans do indeed have
thermogenically competent adipose tissue
(20), it is unclear whether this is brown,
beige, or a mixture of both types of adipo-
cytes (21). Second, isolating these progeni-
tors and expanding them in culture could
potentially lead to autologous brown/beige
fat tissue transplants as an obesity therapy.

In summary, Wang et al. (5) tease out the
distinct thermogenic gene program active in
preadipocytes primed to differentiate into
energy-dissipating cells. Perhaps most excit-
ingly in terms of translational aspects, this
thermogenic gene program regulated by
Ebf2 appears to be co-opted by brown
and beige preadipocytes arising from dis-
tinct lineages. Is the activation of the ther-
mogenic gene program by promoting Ebf2
target gene transcription possible in any
cell type? The identification of the Ebf2-
regulated gene network in brown and beige
preadipocytes provides a road map show-
ing how cells activate thermogenesis, and
enriches our understanding of the develop-
ment of adipose tissue.
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